Introduction
The conjugation of two haploid yeast cells is usually controlled by the reciprocal exchange of diffusible mating factors, cells of each mating type releasing peptides that induce matingspecific changes in cells of the opposite type. Binding of these peptides, or pheromones, to G-protein-coupled receptors at the surface of the target cell triggers an intracellular response that leads to the production of the proteins responsible for controlling conjugation, meiosis and sporulation. Many of the events associated with the pheromone-response pathway are similar to communication processes in higher eukaryotes, and the experimental tractability of the yeast has made them an attractive model for studying the production and action of peptide hormones. Most of these studies have used the budding yeast Sacchammyces cerevisiae, but the fission yeast Schizosaccharomyces pombe is becoming an increasingly attractive alternative, as it not only complements the work from S. cerevisiae but has features that make it a more relevant model for higher eukaryotes. In this brief review, we shall outline our current understanding of the yeast systems and describe a few examples of how they have provided insights into intracellular communication in general. The discussion is limited to the peptides, their receptors and the associated G-proteins, and the reader is directed to several excellent reviews describing other aspects of the pheromone-communication systems [ 1-31.
Some nomenclature
Heterothallic yeast strains exist in one of two mating types. In Sch. pombe these are referred to as M (for mating type Minus) and P (Plus) and is determined by which of two alternative DNA segments is present at the mat1 locus. Thus an M cell produces M-factor and expresses receptors that allow it to respond to the P-factor which is released by P cells. Mating type in S. cerevisiae is determined by information at the MAT locus and is either a or a so that an a cell produces a-factor and responds to a-factor. T o avoid confusion when referring to the genes and the gene products from the two yeast, the Sch. pombe genes are italicized and the gene products are in roman with a capital whereas the S. cerevisiae components are the same but all in capitals. Sch. pombe therefore has the Xyz protein and xyz gene and S. cerevisiae has the XYZ protein andXYZ gene.
The pheromones
Although there is no cross-species interaction between the two yeast, there are remarkable similarities in the production and properties of the pheromones used for controlling conjugation. All four have peptide backbones and each yeast produces one pheromone that is farnesylated and highly hydrophobic (M-factor and a-factor) and another that is unmodified and hydrophilic (P-factor and a-factor).
M-factor is a nonapeptide in which the C-terminal cysteine residue is both carboxymethylated and S-farnesylated [4]. It is encoded by three genes (mfml, mfm2 and m f d ) , which contain the same mature pheromone sequence as part of a larger precursor [4,5] and, although all three genes are normally used by wild-type cells, each produces sufficient M-factor to support mating [5]. Mature a-factor is a dodecapaptide that is also carboxymethylated and S-farnesylated on the C-terminal cysteine [6]. It is produced as a precursor that is encoded by the similar and functionally redundant MFAI and MFA2 genes [7] . The processing of the precursors to produce M-factor and a-factor is outlined in Figure 1 . C-Terminal maturation is directed by the -CAAX motif at the C-terminus of the precursor and involves farnesylation of the cysteine residue, proteolysis of the C-terminal AAX residues and carboxymethylation of the exposed cysteine residue (for review, see [7a] ). Most of the S. cerevisiae enzymes that mediate these events have now been identified and only the gene(s) for the AAX protease remains elusive. In contrast, only the methyltransferase has been identified in Sch. pombe [S] . N-Terminal processing of the Sch. pombe precursors is also poorly characterized but is presumed to be similar to the two-stage process recently described in S. cerevisiae. The a-factor precursor is initially cleaved by the STE24 protease [12] and subsequently processed to the mature pheromone by AXLl [ 13,141, although a second protease, STE23, plays a role that is at least partially redundant to that of AXLl [14] . Cleavage by AXLl and STE23 occurs C-terminal of the Asn residue in the sequence -Lys-Asn-Tyr-, and the presence of the identical sequence in the M-factor precursor indicates the likely existence of a Sch. pombe homologue of AXLl and/or STE23. Processing of the precursors is believed to take place either in the cytosol or on the cytosolic face of the cell membranes, and export of the mature pheromones is by direct translocation across the cell membrane and involves members of the ATPbinding cassette (ABC) superfamily of transporters, STE6 in S. cerevisiae [15, 16] and Maml in Sch. pombe [9] .
The hydrophilic pheromones are also produced as precursors but the processing events are very different from those described for the lipophilic peptides (Figure 2 ). The precursors contain multiple copies of the mature pheromones that are liberated in a series of proteolytic
Biogenesis of the lipophilic pheromones
The middle part of the figure is a generalized representation of the processing events while the particular gene products involved in the biogenesis of M-factor and a-factor are shown on the left and right hand sides respectively. The a-factor produced by MFA2 has Leu rather than Val at position 6 but this does not appear to significantly affect its activity. na indicates that the information is currently not available. reactions during transport along the conventional secretory pathway. P-factor contains 23 amino acids and there are four (not identical) copies of the mature pheromone in the map2 gene product [18] . In contrast, a-factor contains 13 amino acids and is encoded by two genes; MFaZ contains four identical copies of mature peptide while MFa2 contains two peptides, one of which is slightly different from those in M F d [ZO] . The differences between the peptides are largely conserved and are not believed to significantly affect activity. Each precursor contains an N-terminal signal sequence that is removed soon after targeting the molecule to the endoplasmic reticulum, and the pro-pheromone is split into its individual subunits by an endopeptidase that cleaves on the C-terminal side of a pair of basic residues. N-Terminal and C-terminal trimming of these subunits produces the mature pheromone for release into the medium. Only the dibasic endopeptidase (Krpl) has so far been described in Sch. pombe [19] , but all three enzymes have been identified in S. cerevisiae: the endopeptidase KEX2 [21], the carboxypeptidase KEXl [22] and the aminopeptidase STE13 [23] .
Biogenesis of the hydrophilic pheromones
For further information, see Map2 [I 81, Krp I [ 191, MFa I and MFa2 [20] 
The response pathway
The pheromones are recognized by receptors expressed on the surface of the appropriate target cell. Each receptor is believed to contain seven transmembrane domains and is coupled to a heterotrimeric G-protein such that pheromone binding leads to dissociation of the G-protein and consequent activation of the intracellular signalling machinery. The dissociated subunits of the G-protein lead to activation of a protein kinase cascade and eventual stimulation of a transcription factor responsible for expression of the genes required to bring about the changes necessary for conjugation (Figure 3) .
In both Sch. pombe and S. cerevisiae, the specificity of the pheromone response is controlled by the receptor present at the cell surface and the ectopic expression of a receptor in a cell of its own mating type (e.g. expressing the P-factor receptor in a P cell) will induce an autocrine response [25, 26] . However, and despite the strong homology between Mam2 (P-factor receptor) and STE2 (a-factor receptor) and between Map3 (M-factor receptor) and STE3 (a-factor receptor), it has not been possible to couple receptors from one species to the intracellular components of the other. This may reflect the inability of the receptors to couple to the relevant G-protein but is also probably a consequence of receptors or the G-proteins and, although some the different mechanisms by which the two may be specific to the yeast, others also appear to G-proteins activate their respective kinase casoccur in higher eukaryotes. cades. In Sch. pombe, the Ga subunit acts as the positive signal transducer [27] , whereas in S. cerevisiue, it is the GPy subunits that activate the response pathway [28] . Furthermore, Rasl also plays an important role in the Sch. pombe response [29] , whereas there is no evidence for a similar role for either RASl or RAS2. Some of these differences are probably due to the additional nutritional signals required to induce sexual differentiation in Sch. pombe and the consequent need for further regulation of the kinase module.
Signalling components at the target cell
The mechanism by which ligand binding to the receptor transduces a signal to the intracellular loops that leads to G-protein activation is not known, although ligand-induced conformational changes have been proposed to be involved. The isolation and analysis of mutations that cause constitutive receptor activity would be useful for this investigation, as they are likely to mimic the effects of ligand binding. The usefulness of this approach has been demonstrated for mammalian receptors, although the use of yeast to screen large numbers of random mutations is likely to be more widely beneficial [30] .
Genetic analysis has identified a number of proteins that appear to act between the G-proteins and the kinase cascade, but the precise roles of these in regulating or transmitting the intracellular signal remains to be defined. STE20, for example, has the structural features of a protein kinase and is required for signalling, but its target(s) and mode of regulation are unknown [31] . In contrast, STE5 has no enzymic activity and may act as a scaffold for the kinase module and either restrict cross-talk between different cascades or allow activation of the cascade by an upstream effector [32] . A regulatory role has also been suggested for STE50 and its apparent Sch. pombe homologue Ste4 [33] .
Desensitization
Persistent exposure to pheromone does not cause a continuous response as the cells recover and adapt to the presence of the stimulus, a process referred to as desensitization. The desensitization mechanisms have not been fully characterized in yeast, but there is evidence for multiple processes acting at different points along the response pathway. Several of these mechanisms involve the pheromones, their
Pheromone degradation
Pheromone stimulation of M-cells and a-cells cause the release of specific proteases that degrade P-factor and a-factor respectively; Sxa2 is a serine carboxypeptide that inactivates P-factor by removal of the C-terminal leucine residue [34] , and BAR1 is a pepsin-like protease that cleaves a-factor between the sixth and seventh residues [35] . Defects in these proteases result in increased sensitivity to pheromone and extend the lag period before recovery, and the enzymes appear to provide a feedback mechanism that modulates the response and promotes recovery. The specific degradation of M-factor has not been reported, and, although an a-specific activity has been found that degrades a-factor [36] , it remains to be fully characterized.
Receptor-mediated desensitization
The pheromone receptors also participate in the desensitization process. Pheromone-induced modifications include phosphorylation and ubiquitination, and these are believed to regulate the coupling of the receptor to the G-protein and to signal its removal from the cell surface by endocytosis. Studies with mammalian receptors such as rhodopsin and the P2-adrenergic receptor have identified at least two pathways for receptor phosphorylation. One, the heterologous pathway, is mediated by protein kinase A and protein kinase C, and the other is mediated by a receptor-specific kinase that only phosphorylates ligand-activated receptors [37] . Heterologous phosphorylation may regulate the activity of the receptor or could be a signal for sequestration, whereas homologous phosphorylation directly inhibits signalling through the binding of an arrestin molecule. Both basal and ligand-induced phosphorylation of the pheromone receptors have been described [38] , although the relevant kinase(s) has not yet been identified and no arrestin-like molecule has been reported. The pheromone receptors also undergo ligandinduced ubiquitination and this appears to increase the rate at which they are removed from the cell surface by endocytosis [39, 40] . Another mechanism for desensitization of the a-factor receptor in S. cerevisiue may involve the product
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of the AFRl gene [41] , although details are yet to be defined. [ 43,441. Another mechanism for regulating the activity of the G-protein in S. cerevisiae appears to involve changing the ratio between the different subunits. T h e production of GPAl, but not the GjJ or Gy subunits, is stimulated by pheromone and, as the proportion of newly synthesized G a that is N-myristolated (a modification that is essential for efficient coupling to the GjJy complex) is increased by pheromone stimulation [45] , this drives re-association (and hence, deactivation) of the heterotrimeric G-protein.
Desensitization of the G-protein
Phosphorylation of the GjJ subunit also contributes to the adaptive process [46] , although the molecular explanation for this remains unclear.
Future prospects
There has been considerable progress made in defining the events associated with the pheromone response in yeast and these studies have led to important insights into the activity of G-protein-coupled receptors in general. T h e amenability of the yeast to genetic and biochemical manipulation will ensure they stay at the forefront of this area while the heterologous reconstruction of mammalian signalling pathways 1-One Of henceforth referred to as uncoupling, is relatively fast and is defined as a change in the properties of a conAbbreviations used: LH, lutropin; CG, choriogonadotropin; LHR, lutropinlchoriogonadotropin receptor; G,, stirnulatory G-protein; wt, wild-type; r, rat; m, mouse; h, human.
